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Abstract— In this paper a novel droop approach for 
autonomous power management in low voltage dc microgrids 
based on a master-slave concept is presented. Conventional 
voltage-based droop approaches suffer from poor power sharing 
due to line resistance effects on a virtual resistance, which is 
solved a by introducing a communication system to increase the 
current sharing accuracy. In this paper, a virtual frequency is 
superimposed by the master units, and slave units determine 
their output power according to the corresponding frequency-
based droop characteristics. Unlike the voltage-droop methods, 
the proposed virtual frequency-droop approach can be applied 
for proportional power management among the energy units and 
loads in the microgrid without utilizing any extra communication 
system. The effectiveness of the proposed scheme is evaluated by 
simulations and further validated by experiments. 
Index Terms— DC Microgrid, Autonomous Control, Power 
Management, Interlinking Converter. 
I.  INTRODUCTION 
he concept of ac/dc Microgrids (MGs) has been proposed 
in recent years to enhance the reliability, power quality and 
efficiency of the distribution power systems [1]–[6]. Future 
distribution systems will consist of many interconnected ac 
and dc MGs, which are dynamically decoupled from the each 
other [7], [8]. Integrating Renewable Energy Resources 
(RERs) and storages into the distribution systems to enhance 
the overall reliability and efficiency, requires proper power 
sharing algorithms by employing the MG and also smart grid 
technologies [1], [5], [9]–[11]. Furthermore, dc MGs are more 
applicable, reliable and efficient systems to integrate many 
power sources and loads, such as PhotoVoltaic (PV) modules, 
Fuel Cell (FC) units, batteries, motor driven loads, and full 
converter based generators (i.e. micro-turbines and wind 
turbines), which naturally have a dc coupling. Dc MGs are 
connected to the grid through a power electronic converter 
also called Interlinking Converter (IC), and hence they are 
naturally decoupled from the utility grid. Therefore, an 
independent power sharing control from the utility side can be 
employed in order to control the load sharing among different 
energy units in the MG as well as the power flow between the 
MG and the utility through the IC (/ICs).  
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So far, autonomous power management strategies based on 
voltage-droop methods have been presented to control the load 
sharing among different energy units in dc MGs [12]–[19]. In 
[12], a voltage-based droop approach is considered for 
dispatchable units as master units and the other units including 
battery storages and non-dispatchable resources are operating 
as a slave converters. However, the dc bus is common for all 
units and the dc voltage has the same value for all converters 
because of neglecting the line impedances. Furthermore, a 
voltage-droop based control approach is presented with equal 
line resistances in [13], [14], and without considering line 
resistance effects in [15]–[17]. Moreover, the voltage droop-
based control system in [13], [14] relies on only one  master 
unit in each operating modes, which affects the system 
resiliency. An autonomous power sharing approach is also 
presented in [18] based on the droop approach reinforced by a 
secondary layer employing communication among the 
converters. Voltage-based droop approaches rely on the dc 
link voltage, where the dc link voltage is a local variable and it 
does not have the same value through the MG in order to 
coordinate the different converters. Therefore, in the case of 
taking into account the line resistances, the performance of the 
voltage-based droop methods is not satisfactory [20]–[25]. In 
order to increase the accuracy of the load sharing, large droop 
gains should be employed, where the larger droop gains cause 
higher voltage drop and may lead to dynamic instability. To 
solve these issues, average current sharing approaches 
reinforced by communication infrastructures have been 
presented in [26]–[29], which may affect the overall system 
reliability and stability [24]. 
In order to overcome the aforementioned issues, a novel 
autonomous power sharing control strategy based on a merged 
master-slave and frequency droop concepts is proposed in this 
paper. Distributed storages are considered as master units to 
inject a small ac voltage with a frequency (fv) proportional to 
the corresponding output currents. Other units locally extract 
the frequency to control the output currents according to the 
proposed droop characteristics. Since the frequency has the 
same value through the MG, it can be employed not only to 
coordinate all types of energy units but also to curtail the non-
critical loads. The proposed control strategy and operating 
modes are explained in Section II. In Section III, the proposed 
converter control structures are discussed, and the small signal 
stability analysis are given in Section IV. The simulations and 
experiments validate the control system viability in Section V 
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and Section VI respectively. Finally, the achievements are 
summarized in Section VII. 
II.  PROPOSED FREQUENCY-BASED DROOP CONTROL 
APPROACH 
The proposed control system relies on the merged master-
slave approach and frequency-droop method. The battery 
storages are considered as a master unit introducing a 
frequency superimposed onto the dc link voltage. According 
to [30], the master units are coordinated together based on the 
frequency droop approach like the grid supporting voltage 
source converters in ac grids [31]. The other units including 
dispatchable and non-dispatchable units operate as a grid 
supporting current source converter by utilizing the 
superimposed frequency of the dc link voltage and proposed 
droop characteristics. The main structural idea of the control 
strategy and operating modes are explained in the following.  
A.  Control Approach and Operating Modes 
A typical dc MG with storages, dispatchable (FC and IC) 
and non-dispatchable (PV) units are shown in Fig. 1. Two 
battery storages are considered as the masters and other units 
are the slaves. The proposed droop characteristics for the 
masters and slaves are shown in Fig. 2.  The master units 
modulate a small ac voltage superimposed to the dc voltage 
with a frequency (fv) determined by (1) which is graphically 
shown in Fig. 2(a).  
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Where fmax and fminare the maximum and minimum 
frequencies, 
max
chI and 
max
dI are the maximum charging and 
discharging currents of the battery, and IB is the output current 
of battery converter. fmax and fmin should be selected such that 
the overall system stability can be guaranteed. Furthermore, 
the master units can be coordinated together with a droop 
concept presented in [30] and will be explained in the next 
section.  
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Fig. 2.  Proposed droop control scheme: (a) droop characteristic of battery, (b) 
droop characteristics of Fuel Cell, and (c) droop characteristic of Interlinking 
Converter. 
As shown in Fig. 2(a), the storage units are working in all 
operating modes. If the fv > f0 it is in the charging mode and 
once fv < f0, it is ready to discharge. Moreover, the energy level 
of the battery needs to be controlled to ensure proper 
supporting of the MG. Hence, the proposed droop equation of 
the battery should be tuned based on the State of Charge (SoC) 
level of the battery. This procedure is explained in the 
subsection B. 
According to the superimposed frequency by the masters, 
which is related to the demand of the MG, five operating 
modes can be considered as shown in Fig. 2.  
Mode I: As shown in Fig. 2(b), the frequency fv is between 
fu and fl, and the loads are demanded by the local energy units 
including FC, PV and battery, and the exchanged power with 
the utility grid is zero (i.e., IIC = 0). As shown in Fig. 2(b), the 
output current of the FC can be found as 
 
max
( ) ( )FCFC v u FC v u
l u
I
I f f K f f
f f
   

, (2) 
and the PV is working in the MPPT mode. fu and fl should be 
selected such that the overall system stability can be 
guaranteed. 
Mode II: in this mode, the loads are exceeded to the rated 
current of the FC and the current of the PV, thus, the 
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Fig. 1.  A typical dc MG including battery storages, grid interlinking converted, non-dispatchable DGs (PV), dispatchable DGs (FC), and localized critical 
and non-critical loads. 
 
frequency drops down fv < fl, and the MG needs to be 
supported by the grid through the IC. According to the droop 
characteristics shown in Fig. 2(c), the current of the IC can be 
calculated as: 
 
max
min
( ) ( )ICIC v l IC v l
l
I
I f f K f f
f f
   

, (3) 
Mode III: if the load exceeds the rated current of all units, 
the load shedding should be applied to non-critical loads. They 
can be disconnected from the grid once the frequency fv < fmin.  
Mode IV: whenever the output current of the PV exceeds 
the local load, it can be injected to the grid and the battery. 
Hence, in this condition the virtual frequency fv is between fu 
and fmax, the FC is in the off state and the excess current is 
injected into the grid and the battery. In this mode, the IC 
current can be found as: 
 
max
max
( ) ( )ICIC v u IC v u
u
I
I f f K f f
f f
    

, (4) 
Mode V: if the output current of the PV exceeds the 
maximum currents of the IC, battery and load, the 
corresponding control system needs to be switched to the non-
MPPT mode to fix the frequency at fv = fmax. The 
superimposed frequency by the masters as grid supporting 
voltage source converters are employed by the slaves as grid 
supporting current source units. Like the frequency droop 
approach in ac grids [31], applying the same approach for the 
dc MG can properly carry out the load sharing among the 
different energy units. Since the frequency has the same value 
through the MG, the proposed approach will not be affected 
by the line resistances. Hence, the conventional droop 
approach problems including inaccurate load sharing and 
voltage drop introduced by the line and virtual droop 
resistances can be solved by employing the proposed 
frequency droop approach.  
B.  Battery Droop Tuning 
In order to increase the availability of the battery energy as a 
master unit to support the MG, a charging and discharging 
procedure has to be controlled. Most batteries have a form of 
EMS to monitor local quantities like voltages, currents, 
temperature, humidity, and etc., before concluding on the 
present SoC, life cycle and other operating details of the 
batteries. However, a simple method for calculating the SoC 
level of a battery is a coulomb counting approach [17], [28], 
which gives the SoC level of the battery at (t) by integrating 
the battery current as: 
 
0
( ) (0) ( )d
t
SoC t SoC I
C

    , (5) 
where SoC(0) is the initial SoC of the battery, η is the 
charging and discharging efficiency and C is the total battery 
capacity. The calculated SoC can be used to tune the charging 
and discharging characteristics of the batteries defined in (1), 
which can simply be performed by adjusting max
dI and 
max
chI
[32]. In this paper three states are considered for tuning the 
droop characteristics as shown in Fig. 3(a) including Fully 
Charged Condition (FCC) for 80 % < SoC < 100 %, Half 
Charged Condition (HCC) for 10 % < SoC < 90 % and Fully 
Discharged Condition (FDC) for 0  < SoC < 20 %. According 
to the SoC state of the battery, the corresponding droop 
characteristics are adjusted by the control system as shown in 
Fig. 3(b) for the FCC, Fig. 3(c) for the HCC, and Fig. 3(d) for 
the FDC. In practice, the capacity of the batteries are high 
enough to support the critical loads of MG for an acceptable 
period. Therefore, the parameter C in (5) is large and the 
variation of SoC is very slow [28]. Hence the switching 
among the different states are dynamically slow in practice, 
and it will not affect the overall stability of the system [28]. 
III.  CONTROL STRUCTURE OF CONVERTERS 
As already mentioned, the batteries are operating as a master 
for regulating the dc link voltage and introducing a frequency 
where the other units are working as a slave. The proposed 
control structure for the MG converters is shown in Fig. 4 and 
explained in the following.  
A.  Control of Master Units  
Master units are responsible for generating a frequency as a 
global control variable for all energy units as well as forming 
the dc link voltage. In this paper, the battery storages are 
considered as the master units, which are connected to the grid 
through a bidirectional dc/dc converter as shown in Fig. 1. 
Furthermore, the number of Master units has to be at least 
equal to two based on the N-1- criterion, where losing one 
master doesn’t affect the system operation. The control 
structure of the master units are shown in Fig. 4(a), where the 
kth converter modulates an ac voltage ( v ) superimposed onto 
the dc voltage [30]. The frequency of the ac voltage is 
proportional to the corresponding dc current. According to 
[30], the ac voltages introduce an ac power flow in the grid, 
which is proportional to the output current of the converters. 
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Fig. 3.  Battery droop tuning procedure by corresponding energy 
management system, (a) state selection strategy based on SoC level of 
battery – Fully Charged (FCC), Half Charged (HCC), Fully Discharged 
(FDC) ,(b) droop characteristics for FCC condition (80 % < SoC < 100%), 
(c) HCC condition (10 % < SoC < 80%), and (d) FDC Condition (0 % < SoC 
< 20%). 
 
Therefore, it can be employed to adjust the dc voltage of 
master units. As seen in Fig. 4(a), the phase angle (δk) of the 
ac voltage at the output terminal of the kth converter is 
 *
0
( ) 2 ( ( ))d
t
k bk okt f K i     , (6) 
where f* is the set point frequency, dfk is the droop gain, iok is 
the output current of kth converter. The rated frequency f* 
needs to be smaller than the bandwidth frequency of the 
voltage control loop of master converters to be properly 
generated [30]. Considering two master units connected to the 
grid, the relative phase between the corresponding ac voltages 
can be found as: 
 
1 2 2 2 1 1
0
( ) ( ) ( ) 2 ( ( ) ( ))d
t
b o b ot t t K i K i          . (7) 
Therefore, if the output currents are not proportional to the 
droop gains, a phase angle will be appear in the output ac 
voltages. From the ac power flow theory, the phase angle 
makes an ac power flow in the grid. Considering the load 
impedances higher than the line impedances, the ac power 
only flowed between the converters [30]. This ac power can be 
employed to adjust the dc voltages to have a proportional 
current sharing between the two masters [30]. Hence, utilizing 
the merged ac/dc droop characteristics causes appropriate load 
sharing between the master units. Reference [30] describes the 
control strategy of the master units in details. 
In the MG, the master units are operating like a grid 
supporting voltage source converters in the ac grids [31] in 
order to form the voltage and frequency of the MG. The other 
slave units like grid supporting current source converters in ac 
grids [31] utilize the superimposed frequency by the master 
units in order to find the output current reference based on the 
proposed frequency-droop characteristics shown in Fig. 2. The 
control structure of the slave units are explained in the 
following. 
B.  Control of Dispatchable Units 
The output power of dispatchable units like FC and IC can be 
controlled to generate a desired power. In droop mode 
operation, the corresponding output power reference is 
determined by the MG demand and the droop characteristics. 
The control structure of the IC and FC are shown in Fig. 4(b) 
and (c) respectively. The superimposed frequency is estimated 
by a Frequency Locked loop (FLL) from the output voltage, 
and hence, the current reference for the inner loop is 
determined based on the droop characteristics shown in Fig. 
2(b) and (c) respectively for FC and IC. The dc and ac power 
of the IC (Pdc, Pac) can be defined as (8), where the voinv and 
ioinv are the dc voltage and current of the IC and Vd and id are 
the d-axis component of the ac side voltage and current of the 
IC. In this paper, id is proportional to the active power and iq is 
proportional to the reactive power as shown in Fig. 4. 
Furthermore, ac side reactive power control is not discussed in 
this paper, and hence the reference current of q- axis iq* is set 
to zero. 
 
1.5
dc oinv oinv
ac d d
P v I
P V i


 (8) 
Therefore, by neglecting the converter losses, the d-axes 
current reference of the IC can be determined as (9). 
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Fig. 4.  Control structure of the (a) kth battery, (b) Interlinking Converter (IC), 
(c) Fuel Cell (FC), and (d) PV array – Gj(s) = kpj+kij/s is a proportional-
integrator regulator, FLL: Frequency Locked Loop, PLL: Phase Locked Loop, 
MPPT: Maximum Power Point Tracking. 
 
*
1.5
oinv oinv
d
d
v I
i
V
  (9) 
Similar to the IC, the input and output power (PiFC, PoFC) of 
the FC converter shown in Fig. 1, can be determined as (10), 
where the input and output voltage of FC are denoted as viFC, 
voFC, and the input and output current of FC are defined as IiFC 
and IoFC. Furthermore, the input current of the FC in the boost 
converter is equal to the dc inductor current (ILFC). 
 
iFC iFC iFC
oFC oFC oFC
P v I
P v I


 (10) 
Therefore, the dc current reference of the inner control loop of 
FC can be determined as: 
 
* oFC
LFC oFC
iFC
v
I I
v
 . (11) 
C.  Control of Non-Dispatchable Units  
Non-dispatchable units like PV are operating in MPPT mode 
during the normal operation condition, i.e., Mode I to Mode 
IV. Hence, the corresponding converter injects the MPPT 
current (power) into the grid. Once the frequency goes over 
the maximum limit (fmax), the converter needs to bring down 
the output power to decrease the frequency. The proposed 
control structure of the PV array as a MPPT-based unit is 
shown in Fig. 4(d). Until the frequency is smaller than fmax, as 
shown in Fig. 4(d), the output of the PI controller is saturated 
at zero and the integrator is deactivated. Hence ∆I (the output 
of the PI controller) is equal to zero and the converter operates 
in MPPT mode. Once the frequency goes larger than fmax, the 
 
PI controller is activated and the reference current is decreased 
to fix the frequency at fmax. Therefore, without using a 
supervisory controller to make a decision between two MPPT 
and non-MPPT approaches presented in [17], [28], the PV 
converter can be seamlessly switched from MPPT to non-
MPPT mode, which is here called frequency control mode.  
IV.  SMALL SIGNAL STABILITY  
In this section, the dynamic behavior of the control system is 
investigated by employing the small signal stability analysis. 
As shown in Fig. 2, in each mode of operation, only one slave 
unit is working in droop mode. Hence, in order to analyze the 
dynamic behavior of the system in each mode, the droop 
characteristics of the corresponding slave unit with the droop 
characteristics of the master units needs to be considered. The 
small signal model of the droop controlled slave unit can be 
represented as: 
 ( ) ( )
2
slave slave FLLI G s G s



   ,  (12) 
where, Δω = 2πΔf, and 
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, (13) 
where Gf(s) = kp4 +ki4/s is the frequency controller of the PV 
shown in Fig. 4(d). GFLL(s) is the transfer function of the FLL, 
which can be modeled as a first order delay as: 
 
1
( )
1
FLL
FLL
G s
sT


. (14) 
According to [30], and considering the control system shown 
in Fig. 4, the characteristic equation of the closed loop system 
can be found as: 
 
12 ( 1) 0bs K     , (15) 
where 
 0
0
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( )sslave
R
R G s
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 , (16) 
 1
2
2
2
r
r






, (17) 
 
2( r )      , (18) 
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1
b
b
K
K
  , (19) 
 12 ( ) /b qK d K G s s  , (20) 
where as shown in Fig. 4(a) and discussed in [30], G(s) is a 
low pass filter by a cut-off frequency of 10 Hz for rejecting the 
oscillations of the measured power, and dq and Kδ are defined 
in [30]. R0 is the load resistance in steady state in which for 
constant power load (with voltage of V0 and power of P) can 
be defined as: 
 
2
0
0
V
R
P
 . (21) 
TABLE I: Parameters of the simulated MG and the control 
system  
Definition Symbol Value Definition Symbol Value 
Rated 
current of 
Batteries 
max
dI –
max
chI  (A) 
5 
Maximum 
frequency 
fmax (Hz) 51 
Rated 
current of 
FC 
max
FCI  (A) 
5 
Upper 
frequency 
fu (Hz) 50.25 
Rated 
current of 
IC 
max
ICI  (A) 
10 
Lower 
frequency 
fl (Hz) 49.75 
Rated 
power of 
PV 
PMPPT 
(kW) 
3 
Minimum 
frequency 
fmin (Hz) 49 
Nominal dc 
Voltage 
Vdc (V) 400 
Voltage-
power gain 
dq 20 
Rated 
frequency 
fo (Hz) 50 Feeder 1, 3 R1,3(Ω) 0.2 
AC grid 
Voltage 
Vabc 
(Vpeak) 
180 Feeder 2, 5 R2,5(Ω) 0.15 
Small AC 
Voltage 
Peak-
Peak (V) 
2 Feeder 4, 6 R4,6(Ω) 0.2 
Battery 
 Current 
regulator 
Voltage 
regulator 
 
(kp1 +ki1/s) 
(kp2 
+ki2/s) 
 
0.2 + 
5/s 
0.05 
+ 1/s 
PV 
 Current 
regulator 
Voltage 
regulator 
 
(kp3 
+ki3/s) 
(kp4 
+ki4/s) 
 
0.05 + 
1/s 
0.35+2/s 
FC 
 Current 
regulator 
(kp1 +ki1/s) 
0.05 
+ 1/s 
Inverter 
 Current 
regulator 
(kp5 
+ki5/s) 
0.01 + 
0.04/s 
Boost 
converter 
components 
Ldc (mH), 
 Cdc (µF) 
2,  
560 
Inverter 
components 
Cdc (µF), 
 Lf (mH) 
Cf (µF) 
220, 
 2, 560 
 
For the microgrid shown in Fig. 1 with the control parameters 
given in Table I, the closed loop poles of the system can be 
found by employing the characteristic equation (15). The 
dominant eigenvalues trace of the closed loop system is shown 
in Fig. 6 for different operating modes. In the case of fully 
charged/discharged batteries, as shown in Fig. 3, the droop 
gain is two times the half charged condition. Hence the pole 
places of the system for FCC/FDC is shown in Fig. 6(a) and 
for HCC is shown in Fig. 6(b). Furthermore, the system 
dynamic behavior is the same for Mode II and IV since the 
droop gain of IC has the same value in these modes. 
Moreover, when the system enters into Mode III, the load 
shedding strategy needs to be applied to the non-critical loads. 
Therefore, after load shedding, the system will be operated in 
one of the droop controlled modes taking into consideration 
the shed loads, where the system dynamic response can be 
determined in the new mode described by (12) and (13). 
V.  SIMULATION RESULTS 
In order to evaluate the proposed control strategy, the dc 
MG shown in Fig. 1 is considered with the parameters given 
in Table I. Simulation results are presented in the following in 
order to validate the performance of the control system at 
different loading and sourcing conditions.  
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Fig. 5.  Closed loop pole placement of the microgrid in (a) Fully 
Charged/Discharged Condition (FCC/FDC), (b) Half Charged Condition 
(HCC). 
In the first simulation, a 4 kW load is connected to the 
system. The batteries are half charged and the droop 
characteristics are adjusted like the one shown in Fig. 3(c). 
The PV is operating at MPPT mode. As shown in Fig. 6(a), 
the frequency is equal to 50 Hz, hence the system is operating 
in Mode I. According to Fig. 2, in f = 50 Hz, the inverter and 
batteries need to be off and the load has to be supported by the 
PV and FC. As it can be seen from Fig. 6(b), the load is 
supplied by the PV and FC. Moreover, the output current of 
the inverter and batteries are equal to zero.  
Another 4 kW load is turned on at t= 1s, and the frequency 
is settled at 49.5 Hz as shown in Fig. 6(a). Therefore, the 
system operates in Mode II, and as it can be seen from Fig. 
6(b), the FC generates the rated current. The FC, inverter and 
batteries supply the load of microgrid. By connecting another 
4 kW load at t = 3 s, the system still operates in Mode II. The 
incremental load is proportionally supported by the batteries 
and the inverter based on the corresponding droop 
characteristics defined in Fig. 2, and the FC is fully loaded. By 
decreasing the output power of the PV at t = 5 s, the system 
goes to Mode III and the frequency is equal to 49 Hz as shown 
in Fig. 6(a). The batteries, inverter and the FC operate at rated 
current, and hence the system is heavily loaded. The output 
power of the PV is further decreased at t = 7 s, and the 
generation capacity is lower than the system load. Therefore, 
the frequency goes below fmin = 49 Hz, and a non-critical load 
is disconnected in order to restore the frequency to a normal 
value. As it can be seen from Fig. 6(a), the system is operating 
in Mode II after load shedding, and the power sources are 
supporting the load based on the corresponding droop 
characteristics. The load bus voltage is shown in Fig. 6(c) 
implying an acceptable voltage regulation in the load bus. 
Moreover, the superimposed ac ripple onto the dc voltage can 
be seen in the load bus containing the power sharing 
information i.e., ac ripple frequency. 
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Fig. 6.  Superimposed frequency, output current of power sources and load 
bus voltage. The system is operating in Modes I, II and III, the batteries are 
half charged and the PV is working at MPPT – The load shedding is done at t 
= 7 s. 
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Fig. 7.  Superimposed frequency, output current of power sources and load 
bus voltage. The system is operating in Modes I, IV, the batteries are fully 
charged and the PV is working at MPPT. 
In the next simulation study, the batteries are considered to be 
fully charged and the corresponding droop characteristics are 
considered as the one shown in Fig. 3(b). Furthermore, the PV 
is operating in MPPT mode. A 6 kW load is connected and 
supplied by the PV, FC and batteries as shown in Fig. 7. The 
system frequency is equal to 50 Hz and the system is operating 
in Mode I. Therefore, according to the droop characteristics 
shown in Fig. 2(c), the output power of the inverter should be 
zero. Moreover, the output current of FC and batteries are 
 
determined by the corresponding droop characteristics in Fig. 
2(b) and Fig. 3(b) respectively. The load sharing results are 
shown in Fig. 7(b) implying that the load is supported by the 
PV, FC and batteries.  
The load is decreased by 1.2 kW at t = 1 s, and the 
frequency is settled at 50.25 Hz. Therefore the FC is turned off 
and load is supported by the batteries according to Fig. 2(b) 
and Fig. 3(b). Further decrease in load at t = 2 s increases the 
frequency to 50.4 Hz and the system operates in Mode IV. 
Therefore, according to Fig. 2(c) the inverter needs to inject 
the excess power of the MG into the grid. By decreasing the 
load at t = 3 s, the injected power into the grid by the inverter 
is increased. The load bus voltage is shown in Fig. 7(c) 
implying an acceptable voltage regulation in the load bus.  
In order to further evaluate the control system, FC is 
considered to be turned off, and power injection into the grid 
is not allowed by the TSO. Moreover, one of the batteries are 
fully charged and another one is half charged. Therefore, the 
system is only supported by the batteries and PV. At first the 
system is operating in Mode I with 5.3 kW load. The system 
frequency and output current of the power sources are shown 
in Fig. 8(a) and (b). As it can be seen in in Fig. 8(a), the 
frequency is under 50 Hz, hence the batteries are supporting 
the load. Since one of the batteries is half charged, the 
corresponding current (see Fig. 8(b)) is half of the other one 
following the droop characteristics shown in Fig. 3.  At t = 0.8 
s, the first battery is turned off, and the system goes to Mode 
III. A 2.6 kW load is disconnected at t = 1.6 s. The frequency 
is increased to be above 51 Hz. Therefore, the generation 
capacity is more than the system load and the PV must operate 
at lower power than the MPPT power. As it can be seen in Fig. 
8(b), after 0.2 s, the frequency control loop shown in Fig. 4(d) 
is activated. Therefore, the output current of the PV is 
decreased in order to keep the frequency at fmax = 51 Hz, and 
the system goes into Mode V, and the load is supported by the 
PV. Furthermore, the load bus voltage is shown in Fig. 8(c) 
implying an appropriate voltage regulation in Mode V. 
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Fig. 8. Superimposed frequency, output current of power sources, and load 
bus voltage. The system is operating in Modes I, III, and V. The batteries are 
fully charged, the FC is turned off and the inverter is not allowed to inject 
power into the grid. The PV is working in MPPT mode and at t = 1.6 s, the PV 
switches to the frequency control mode. 
The performance of the control system in different Modes 
defined in Fig. 2 is evaluated with different simulations, and 
power sharing among different energy units are illustrated at 
different loading and sourcing conditions.  
VI.  EXPERIMENTAL RESULTS 
In order to validate the effectiveness of the proposed 
approach, experimental tests with a scaled-down laboratory 
prototype is performed, and the control system performance is 
evaluated in some operation points. The photograph of the test 
system is shown in Fig. 9 including two synchronous boost 
converters and one three phase inverter. One of the dc 
converters is considered as a battery and another one is 
considered as a PV and/or FC during the tests. The inverter is 
also grid interface. The system and control parameters are 
given in TABLE II, and the test results are reported in the 
following.  
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Fig. 9.  Photograph of the implemented hardware setup (a) input dc power for 
dc/dc converters, (b) dc load, (c, d) dc/dc boost converters, (e) DSP for boost 
converters, (f) control center of boost converters, (g) three phase inverter, (h) 
filter of inverter, (i) control center of inverter, and (j) DSP for inverter. 
TABLE II: Parameters of the implemented MG and control 
system 
Definition Symbol Value 
Boost Converter for 
battery 
Rated current (A) 2.5 
Inner voltage regulator  
(kp1 +ki1/s) 
0.2 + 5/s 
Inner current regulator 
(kp2 +ki2/s) 
0.05 + 1/s 
Droop at FCC/FDC 0.8 
Droop at HCC 0.4 
Ldc (mH), Cdc (µF) 2, 560 
Boost Converter for 
PV 
Rated MPPT Current (A) 2.5 
Inner current regulator 
(kp3 +ki3/s) 
0.05 + 1/s 
Frequency regulator 
(kp4 +ki4/s) 
0.35+2/s 
Ldc (mH), Cdc (µF) 2, 560 
Boost Converter for 
FC 
Rated Current (A) 2.5 
Inner current regulator 
(kp1 +ki1/s) 
0.05 + 1/s 
Droop gain 5 
Ldc (mH), Cdc (µF) 2, 560 
Inverter  
Rated current (A) 2.5 
Inner current regulator  
(kp5 +ki5/s) 
0.01 + 0.04/s 
Droop gain 2.5 
Cdc (µF) 220 
Lf (µH), Cf (µF) 1.2, 22 
Feeder resistances R (Ω) 1 
Injected frequency  fo (Hz) 50 
Nominal dc Voltage Vdc (V) 100 
AC grid Voltage Vabc (Vpeak) 60 
Small AC Voltage Peak-Peak (V) 1 
 
A.  Operation of FC and battery and effect of SoC level: 
In this case, the battery and FC are connected to a 100 W 
load, and the battery is fully charged. As shown in Fig. 10(a), 
only the battery supplies the load, and the FC’s current is 
equal to zero. The system is operating in Mode IV. Once the 
load is changed to 200 W, the FC starts to supply the load as 
well as shown in Fig. 10(a). In this case, the battery is 
considered to be fully charged and the corresponding droop 
characteristics is like the one shown in Fig. 3(b) with a slope 
of 0.8. Since the droop gain of the battery is 0.8 and the FC is 
2.5, the battery supplies more power. In this condition, the 
system is operating in Mode I. However, once the SoC level of 
battery is decreased, the corresponding droop characteristics is 
changed to Fig. 3(c). Now, both battery and FC have the same 
droop gains and needs to support the equal power/current as 
shown in Fig. 10(b) implying an appropriate dynamic response 
due to the SoC level variation.  
B.  Operation of battery and PV and effect of SoC level: 
In this test, the PV is working in MPPT mode, and the 
battery is half charged. The load is 145 W and the system is 
working in Mode IV. Once the battery becomes fully charged, 
the corresponding droop characteristics is like the one shown 
in Fig. 3(a). Therefore, the output power of PV is higher than 
the load. Hence the PV should operate under MPPT. As 
shown in Fig. 11(a), the output current of the PV is decreased 
to 1.5 A, which is supporting the load, and the system is in 
Mode V.  
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Fig. 10.  Experimental results: (a) transition from Mode IV to Mode I, (b) 
Mode I, transition between FCC to HCC– Voltage base [10 V/div], Current 
base [1 A/div], Time base [50 ms/div]. 
In the next case, the performance of the control system is 
verified in the presence of battery and PV. At first, the PV is 
operating at MPPT with the output current of 2.05 A. The load 
is 150 W, and hence the PV is charging the battery with 0.6 A 
as shown in Fig. 11(b). The system is working in Mode IV. 
When the load is changed to 300 W, the battery and PV are 
supporting the load in Mode I. 
C.  Operation of battery, PV and IC: 
In this test, the PV is operating at MPPT and the battery is 
fully charged. The dc load is 355 W. Therefore, the battery is 
supplying 1.5 A. The system is working in Mode I. Once the 
load is decreased by 110 W, the extra current of the PV is 
injected to the grid through the IC. And the system is 
operating in Mode IV. The load sharing among the PV, battery 
and IC is shown in Fig. 12(a). Furthermore, the output current 
of IC (current of inductor of filter) and the grid voltage are 
shown in Fig. 12(b) and Fig. 12(c).  
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Fig. 11.  Experimental results: (a) Transition from Mode IV to Mode V, (b) 
Transition from Mode IV to Mode I– Voltage base [10 V/div], Current base [1 
A/div], Time base [50 ms/div]. 
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Fig. 12.  Experimental Results of transition from Mode I to Mode IV: (a) dc 
link voltage [10 V/div], dc current of PV, battery and inverter [1 A/div], (b) ac 
current of inverter [2 A/div], (c) ac voltage of inverter [50 V/div]. 
VII.  CONCLUSION 
This paper has presented a novel control approach for 
autonomous power management in LVDC-MGs. A virtual 
frequency generated by the battery converters as master units 
is employed to proportionally control the output current of the 
other units as well as the exchanged power between the MG 
and the local grid. Unlike the dc voltage-based droop methods, 
the frequency-based droop approach can be employed to 
accurately control the output power of dispatchable and non-
dispatchable units. Notably, in the absence of conventional 
virtual resistors, the voltage regulation is properly achieved 
without employing secondary controllers. Furthermore, the 
injected frequency has the same value all over the grid, and 
hence it cannot be affected by the line impedances. Moreover, 
the energy flow among different energy units as well as 
between the MG and local grid can be properly carried out 
without using any extra communication network, which may 
introduce a better reliability. The viability of the proposed 
control system is ensured for different loading and sourcing 
conditions through the simulation. Furthermore, the proposed 
approach is verified by the experiment. For the future 
research, more than one non-dispatchable unit should be 
considered, and the control system needs to be generalized to 
manage the power of different units. Furthermore, the future 
power system will be made up of multi-terminal dc/ac 
microgrids, hence considering more than one inverter may add 
some new challenges to the microgrid control and operation 
system.   
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